The neurotoxic effects of 2,5-hexanedione (2,5-HD) were investigated using neurofilament (NF)-deficient (Quv) Japanese quail in comparison with normal Japanese quail. Both Quv and normal Japanese quail were inoculated intraperitoneally with 350 mg/kg/day 2,5-HD for 6 consecutive wk. The results of 2,5-HD exposure differed substantially between the 2 strains of Japanese quail. The 2,5-HD-exposed normal quail showed leg paralysis about 4 wk after initiation of dosing. Some treated normal quail fell into dysstasia and died of nutritional disturbances. Histologically, 2,5-HD-treated normal quail had NF-rich axonal swellings and degeneration in the distal parts of the peripheral nerves, spinal cord, and cerebellar peduncles. In contrast, 2,5-HD-injected Quv quail showed tonic convulsion, ataxia gait, severe quivering, and excitation about 2-3 days after administration. Some treated Quv birds died immediately after systemic tonic convulsion, probably because of asphyxia. Although all treated Quv quail showed neurologic signs, there were no recognizable 2,5-HD-induced lesions in the nervous system. After about 4-6 wk of dosing, 2,5-HD induced distal axonopathy in normal quail and acute neurotoxicity in Quv quail.
Neurotoxic Effects of 2,5-Hexanedione on Normal and Neurofilament-Deficient Quail* INTRODUCTION Neurofilament (NF)-deficient (Quv) Japanese quail show congenital axonal hypotrophy resulting from NF deficiency in both the central nervous system (CNS) and the peripheral nervous system (PNS) (15, 16) . Molecular biological studies revealed that NF deficiency in Quv quail is caused by a nonsense mutation in the NF-L gene (7) . The loss of functional NF-L proteins results in defective NF assembly even in the presence of NF-M and NF-H protein (14) . Comparative studies using normal and Quv quail have been carried out to examine the role of NFs in certain toxic axonopathies (6, 13, 14) . ~,(3'-Iminodipropionitrile (IDPN) did not affect Quv quail, although it induced proximal axonopathy in normal quail (6) . These findings suggested that IDPN selectively attacked NFs. In contrast, exposure of Quv quail to acrylamide (AC) resulted in axonal degeneration of the sciatic and tibial nerves (14) . These results demonstrated that AC-induced neurotoxicity was initiated independently of the interaction of AC with NFs. 2,5-Hexanedione (2,5-HD) is the common ~y-diketone metabolite of neurotoxic chemicals such as n-hexane or methyl n-butyl ketone and has been widely utilized as the most convenient compound for experimental studies of y-diketone neuropathy (5, 9) . Traditionally, y-diketone neuropathy is classified as a distal axonopathy characterized by distal axonal swellings with NF accumulation and degeneration in long tracts of the CNS and long nerves of the PNS (2, 5, 9, 10, 12) .
There are no descriptions of 'y-diketone neuropathy in quail. Therefore, we investigated the neurotoxic effects of 2,5-HD in normal quail. We then compared 2,5-HDinduced neurotoxicity in normal and Quv quail and examined how the neuropathy was affected by the absence of NFs.
MATERIALS AND METHODS
Normal Japanese quail (hybrids) were purchased from a commercial farm. Quv quail had been maintained in the Nippon Institute for Biological Science (Yamanashi, Japan). Eight-week-old male normal and Quv quail were used in this experiment.
The birds were injected intraperitoneally for 6 wk with either 10% 2,5-HD (Wako Pure Chemical Industries, Japan, dissolved in 0.9% saline) at a dose of 350 mg/kg/ day or an equivalent volume of 0.9% saline. The birds were divided into 4 groups: a 2,5-HD-injected normal quail group (HN group, n = 10), a saline-injected normal quail group (SN group, n = 5), a 2,5-HD-injected Quv quail group (HQ group, n = 10), and a saline-injected Quv quail group (SQ group, n = 5). During the experiment, daily examinations of the neurologic conditions of the birds were carried out. Neurotoxic effects were assessed clinically by the degree of leg paralysis in birds of the HN group. Four categories were used: normal gait, clumsy gait, dysbasia, and dysstasia. The following neurobehavioral changes were studied in birds of the HQ group: tonic convulsion, ataxic gait, and severity of quivering. Although untreated Quv quail exhibited generalized quivering (16) , the severity of quivering in some treated Quv birds increased. In the HN group, necropsy was carried out if quail suffered from dysstasia or if the birds appeared to have poor body condition. In the HQ group, moribund birds with tonic convulsion were euthanatized because some treated Quv quail died immediately after systemic tonic convulsion.
At the end of administration period, the surviving quail were euthanatized by exposure to ether. These quail and dead or previously euthanatized quail were used for light microscopic examination. In the 4 treatment groups, tissues from the distal levels of sciatic nerves, proximal to distal tibial nerves, cervical (C 13-15) and synsacral (SS6-8) segments of the spinal cord, and the brain were taken after death or euthanasia. The samples were fixed in 10% buffered formalin and embedded in paraffin using standard procedures. The sections were stained with hematoxylin and eosin and by a modification of Bielschowsky's method and the Luxol fast blue-Bodian method.
For electron microscopy, quail that exhibited severe neurologic signs were anesthetized with ketalar and perfused through the left ventricle with a mixture of 0.5% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). In both the HN and SN groups, tissues from tibial nerves, distal sciatic nerves, C 13-15, and cerebellar peduncles were removed. In both the HQ and SQ groups, vestibular nuclei in the pons and cerebellar nuclei were sampled for examination because quail in the HQ group showed ataxic gait. Vestibular and cerebellar nuclei of rats have been reported to be damaged by short-term, high-dose treatment with 2,5-HD (17) (18) (19) . Samples were stored overnight at 4°C in the same fixative as used for perfusion and then postfixed in 2% buffered osmic acid for 2 hr and embedded in epoxy resin. Semithin sections were stained with toluidine blue. Ultrathin sections were double-stained with uranyl acetate and Reynold's lead citrate and examined with a JEOL JEM-100 SX electron microscope.
The unpaired Student's t-test was used to compare the mean values between the HN and SN groups or between the HQ and SQ groups. Statistical significance was accepted at p < 0.05.
RESULTS
Normal quail in the HN group first showed a clumsy gait about 4 wk postinoculation and finally suffered from dysbasia or dysstasia (Table I) . However, there were individual differences in the onset of clinical signs. The body weight of these quail decreased gradually after initiation of the 2,5-HD administration (Table I) . Four birds were severely emaciated and died or were euthanatized when moribund (Table II) . At necropsy, quail in the HN group had markedly atrophic testes. Neither clinical signs nor gross lesions were observed in the SN group (Table I) .
Swollen axons were scattered in the distal sciatic and tibial nerves of the HN group (Fig. 1 a) . These axons were deeply eosinophilic and argentophilic. They appeared in the immediate proximity of the nodes of Ranvier and were 5.5-19 jjbm in diameter. Electron microscopic examination revealed swollen axons surrounded by a thin myelin sheath and containing numerous NFs (Fig. 2a ). In the axons distal to the swellings, axoplasm was packed with an accumulation of mitochondria, microtubules, NFs, and vesicles (Fig. 3 ). Some of the mitochondria were swollen and degenerated. C13-15 of the spinal cord showed marked swelling of nerve fibers in the spinocerebellar and cerebellospinal tracts of the lateral funiculus.
The swollen nerve fibers were also evident in the tectospinal tract, vestibulospinal tract, and ascending homolateral fibers of the ventral funiculus. The same changes were rarely observed in the dorsal funiculus. In SS6-8 of the spinal cord, there were axonal swellings in the lateral funiculus. Swollen nerve fibers were sometimes observed in the cerebellar peduncles. No changes were found in other regions of the brain, including cerebellar and vestibular nuclei. Neither axonal swellings nor degeneration was observed in the nervous system in birds of the SN group (Figs. lb and 2b) .
Quv quail in the HQ group showed tonic convulsion, ataxic gait, severe quivering, and excitation about 2-3 days postinjection (Table I) . Three birds died immediately after systemic tonic convulsions, and other birds in this group were euthanatized when moribund (Table II) . At necropsy, bright red foci were noted in the lungs of the dead Quv quail. Except for mild quivering, neither clinical signs nor gross lesions were found in the SQ group (Table I) .
Neurologic lesions, including axonal swellings, were not found in the PNS of either the HQ or SQ group by light microscopic examination (Fig. 4a, b) . Axonal swell-ings were infrequently seen in ventral and lateral funiculi in C13-15 of the spinal cord in both groups. Similar axonal changes were often found in the brain stem, especially in vestibular nuclei and the lemniscus spinalis and in cerebellar nuclei. Swollen axons in these areas were randomly distributed without a definite pattern. They were not argentophilic and were 6-20 [Lm in diameter. Electron microscopic examination revealed these swollen axons at the proximal side of the nodes of Ranvier (Figs. 5 and 6); they contained clear vesicles of various sizes, mitochondria, dense bodies, microtubules, and glycogen granules. Other swollen axons were composed of watery to granular axoplasm. The morphology, frequency, and distribution pattern of the axonal swelling were similar in the SQ and HQ groups. No cellular infiltrates, gliosis, nerve cell degeneration, or blood vessel abnormalities were seen in the CNS of either group. Dead Quv quail in the HQ group occasionally had hemorrhages around the parabronchi of the lungs, and some bronchi were filled with blood. No other changes were observed in the SQ group.
DISCUSSION
Distal axonopathy was detected in normal quail treated with 2,5-HD. These findings and the clinical signs were identical to those of y-diketone neuropathy in other experimental animals (3, 9, 10, 12) . In contrast, Quv quail of both the HQ and SQ groups had swollen axons in the spinal cord, brain stem, and cerebellum. The morphology, frequency, and distribution pattern of the axonal swelling were similar in the HQ and SQ groups. Quv quail have been reported to naturally have swollen axons in the ventral funiculus of the spinal cord (16) . Therefore, it seems reasonable to conclude that these axonal changes in both the HQ and SQ groups were intrinsic lesions. There were no recognizable 2,5-HD-induced lesions in the nervous systems of the Quv quail.
Some normal quail of the HN group suffered from dysstasia and were severely emaciated. Three birds of this group died of nutritional disturbance. However, neurologic signs in the HQ group were entirely different from those of the HN group. There are no reports of convulsant action of 2,5-HD, but some Quv quail in the present experiment died immediately after systemic tonic convulsions. Similar convulsions have been induced in experimental animals by high-dose administration of CNS stimulants such as strychnine or pentylentrazol (1, 4, 8) . The convulsions lead to death as a consequence of asphyxia; except for petechiae, no postmortem lesions are manifested (1, 4, 8) . The dead Quv quail in the HQ group showed no pathologic changes except for hemorrhage in the lungs. Therefore, the Quv quail treated with 2,5-HD may have died of asphyxia caused by violent contractions of the respiratory muscles during the convulsions.
Two explanations for the absence of the distal axonopathy in Quv quail treated with 2,5-HD are possible. The development of axonopathy may require an accumulation of NFs in the distal part of the axons (2, 5, 9, 10, 12) and Quv quail lacking NFs may not be affected with the distal axonopathy. Alternatively, because the Quv quail died or were euthanatized after a short treatment period, X6,000. acute neurotoxicity may not have had time to develop. Neurotoxicity appeared in 2,5-HD-treated Quv quail in a few days, and total doses were 133.6 ± 73.7 mg, whereas normal quail developed the axonopathy after receiving 2,5-HD for 4-6 wk at total doses of 1259.5 ± 293.5 mg.
Distal axonopathy in other experimental animals occurred after treatment with 2,5-HD or methyl n-butyl ketone for 4-10 wk (11, 17, 18) . To clarify whether NFs are a critical component for the development of y-diketone neuropathy, a toxicity study should be conducted in which Quv quail are treated with 2,5-HD for a longer period.
